Applied  Energy  89  (2012)  322-328 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Applied  Energy 

journal  homepage:  www.elsevier.com/locate/apenergy 


Effect  of  heat  exchanger  material  and  fouling  on  thermoelectric  exhaust 
heat  recovery 

N.D.  Love a*,  J.P.  Szybist5,  C.S.  Sluder5 

a  Department  of  Mechanical  Engineering,  500  W.  University  Ave.,  University  of  Texas  El  Paso,  El  Paso,  TX  79968,  USA 
b  Fuels,  Engines,  and  Emissions  Research  Center,  National  Transportation  Research  Center,  2360  Cherahala  Blvd.,  Knoxville,  TN  37932,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  20  April  2011 

Received  in  revised  form  1  July  201 1 

Accepted  24  July  201 1 

Available  online  23  August  201 1 


Keywords: 

Thermoelectrics 
Heat  exchanger 
Fouling 

Exhaust  Gas  Recirculation 

Exhaust 

Heat  recovery 


Thermoelectric  devices  are  being  investigated  as  a  means  of  improving  fuel  economy  for  diesel  and  gas¬ 
oline  vehicles  through  the  conversion  of  wasted  fuel  energy,  in  the  form  of  heat,  to  useable  electricity.  By 
capturing  a  small  portion  of  the  energy  that  is  available  with  thermoelectric  devices  can  reduce  engine 
loads  thus  decreasing  pollutant  emissions,  fuel  consumption,  and  C02  to  further  reduce  green  house 
gas  emissions.  This  study  is  conducted  in  an  effort  to  better  understand  and  improve  the  performance 
of  thermoelectric  heat  recovery  systems  for  automotive  use.  For  this  purpose  an  experimental  investiga¬ 
tion  of  thermoelectrics  in  contact  with  clean  and  fouled  heat  exchangers  of  different  materials  is  per¬ 
formed.  The  thermoelectric  devices  are  tested  on  a  bench-scale  thermoelectric  heat  recovery  apparatus 
that  simulates  automotive  exhaust.  It  is  observed  that  for  higher  exhaust  gas  flowrates,  thermoelectric 
power  output  increases  from  2  to  3.8  W  while  overall  system  efficiency  decreases  from  0.95%  to  0.6%. 
Degradation  of  the  effectiveness  of  the  EGR-type  heat  exchangers  over  a  period  of  driving  is  also  simu¬ 
lated  by  exposing  the  heat  exchangers  to  diesel  engine  exhaust  under  thermophoretic  conditions  to  form 
a  deposit  layer.  For  the  fouled  EGR-type  heat  exchangers,  power  output  and  system  efficiency  is  observed 
to  be  5-10%  lower  for  all  conditions  tested. 

©  201 1  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  devices  are  being  investigated  as  a  means  of 
improving  fuel  economy  for  diesel  and  gasoline  vehicles  through 
the  conversion  of  wasted  fuel  energy,  in  the  form  of  heat,  to  useable 
electricity.  In  modern  engines  60-85%  of  fuel  energy  is  expelled  as 
thermal  energy  in  the  engine  exhaust  or  radiator  systems,  and  while 
much  of  this  energy  is  not  available  to  do  work  on  a  2nd  law  basis, 
capturing  a  small  portion  of  the  energy  that  is  available  with  ther¬ 
moelectric  devices  can  reduce  engine  loads  and/or  alternator  size 
thus  decreasing  pollutant  emissions  and  fuel  consumption  [  1  ].  Ther¬ 
moelectric  devices  can  also  be  used  in  conjunction  with  traditional 
C02  reduction  approaches  (reducing  friction,  decreasing  pumping 
losses,  and  improving  combustion  efficiencies)  to  further  reduce 
green  house  gas  emissions  [2].  Previous  studies  have  estimated  that 
if  the  amount  of  driving  energy  required  for  the  production  of  elec¬ 
trical  power,  approximately  6%,  could  be  recovered  this  would  result 
in  an  overall  reduction  of  fuel  consumption  by  10%  [3].  Although 
challenges  exist,  it  may  be  possible  to  recover  significant  amounts 
of  exhaust  waste  heat  with  thermoelectric  devices  particularly  as  re¬ 
search  of  materials  and  application  of  heat  transfer  technologies 
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continue  to  improve  performance  of  these  elements.  Continued  re¬ 
search  in  this  area  is  further  encouraged  as  the  current  national  goals 
and  the  US  Department  of  Energy’s  commitment  to  reducing  Amer¬ 
ica’s  dependence  on  foreign  oil  gathers  more  attention  [4]. 

Several  authors  have  demonstrated  the  use  of  thermoelectric  ele¬ 
ments  for  automobile  heat  recovery,  installing  the  devices  in  the  ex¬ 
haust  of  vehicles  [5-8].  A  summary  of  the  aforementioned  studies  is 
presented  in  Table  1 .  A  close  look  at  Table  1  shows  that  heat  recovery 
efficiencies  are  low,  both  on  a  system  basis  (<2.5%)  and  on  a  thermo¬ 
electric  generator  basis  (<3.5%)  despite  great  progress  made  over  the 
last  decade  in  the  thermoelectric  materials  figure  of  merit  values  ZT 
[9].  The  figure  of  merit  value  is  a  non-dimensional  number  that  pro¬ 
vides  an  overall  assessment  of  the  thermoelement’s  electrical  con¬ 
version  efficiency.  Although  material  selection  and  ZT  values  are 
important  to  the  performance  of  the  thermoelectric,  power  output 
also  greatly  depends  on  the  availability  of  heat  in  order  to  maintain 
a  large  temperature  difference  between  the  hot  and  cold  side  mate¬ 
rials  of  the  element  [9]. 

1.1.  Exhaust  heat  recovery  from  EGR  coolers 

Availability  analyses  of  exhaust  through  major  engine  compo¬ 
nents  have  been  performed  previously  by  Edwards  et  al.  [10,11]. 
It  was  discovered  that  significant  amounts  of  useful  work  could 
be  recovered  offering  the  potential  of  large  amounts  of  energy  that 
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Nomenclature 

PEIement 

power  output  from  a  single  thermoelectric  device  (W) 

Tin 

bulk  temperature  of  air  inlet  (I<) 

Protal 

total  power  output  of  the  thermoelectric  devices  (W) 

ZT 

thermoelectric  figure  of  merit  value  (-) 

QExhaust 

exhaust  gas  heat  flux  (W) 

£ 

heat  exchanger  effectiveness  (-) 

Qhx 

heat  transferred  through  heat  exchanger  walls  (W) 

dux 

heat  exchanger  efficiency  (-) 

OrE.in 

heat  input  to  the  thermoelectric  devices  (W) 

hsys 

overall  system  efficiency  (-) 

Tcold 

Thot 

temperature  of  the  cold  surface  of  the  thermoelectric 
device  (K) 

temperature  of  the  hot  surface  of  the  thermoelectric  de¬ 
vice  (K) 

^TE.i 

energy  conversion  efficiency  of  one  thermoelectric  de¬ 
vice  (-) 

Table  1 

Summary  of  thermoelectric  power  outputs,  system  and  thermoelectric  efficiencies  for  various  experimental  studies. 


Ref. 

Year 

Experimental  setup 

Test  conditions 

Element  power 
output  (W) 

System 
efficiency  (%) 

Element 
efficiency  (%) 

Takanose  and 
Takamoshi  [5] 

1993 

Gasoline  2  L  engine 

Tested  from  Idling  to  60-65  km/ 
h  hill  climb 

193  W 

2.3 

- 

Ikoma  et  al.  [6] 

1999 

Gasoline  2-3  L  engine 

60  km/h  on  3-5%  hill  climb 

130  W 

1.1 

2.9 

Thacher  et  al.  [7] 

2007 

1999  GMC  Sierra  pick-up  truck  5.8L  V8 
gasoline  engine 

112.6  km/h,  horizontal  road 

177  W 

- 

1.7 

Schlichting  et  al.  [8] 

2008 

1995  Kawasaki  Ninja  250R  2-cyl  248  cc 

96.6  km/h  freeway  drive 

0.47  W 

- 

- 

could  be  utilized.  An  Exhaust  Gas  Recirculation  (EGR)  cooler,  com¬ 
mon  on  diesel  and  advanced  combustion  engines  is  a  well  studied 
and  widely  used  heat  rejection  unit  which  can  potentially  increase 
thermoelectric  device  power  output  as  an  effective  heat  exchanger. 
This  paper  presents  the  results  of  a  heat  exchanger  similar  to  an 
EGR  cooler  used  in  conjunction  with  thermoelectric  elements.  Re¬ 
sults  from  this  study  are  thought  to  be  applicable  for  either  a  heat 
exchanger  system  in  the  engine  exhaust  solely  for  exhaust  heat 
recovery  or  thermoelectric  devices  or  implementation  of  thermo¬ 
electric  devices  onto  existing  EGR  cooling  units. 

1.2.  EGR  coolers  and  exhaust  fouling 

The  heat  exchanger  design  and  sizing  are  critical  for  automotive 
applications  because  while  the  exhaust  system  needs  to  be  sized  to 
accommodate  full  engine  load,  where  the  exhaust  flows  and  tem¬ 
peratures  are  highest,  the  heat  exchanger  system  needs  to  function 
efficiently  at  low  speeds  and  loads,  where  light-duty  engines  typi¬ 
cally  operate  during  normal  drive  cycles.  Thus,  the  heat  exchanger 
system  for  a  thermoelectric  exhaust  energy  recovery  system  must 
be  designed  to  perform  well  over  a  wide  range  of  exhaust  flowrates 
and  temperatures.  Previous  studies  have  noted  the  importance  of 
heat  exchanger  design  and  the  impact  on  exhaust  heat  recovery 
[5-7]. 

Exhaust  Gas  Recirculation  (EGR)  systems  recycle  exhaust  gases 
into  the  engine  intake  for  the  purpose  of  reducing  engine-out  NO* 
emissions.  EGR  cooling  devices  enable  higher  levels  of  EGR  and  are 
becoming  standard  equipment  on  modern  diesel  engines.  EGR  cool¬ 
ers,  however,  experience  a  degradation  of  heat  transfer  performance 
with  exposure  to  engine  exhaust,  expressed  by  the  heat  exchanger 
effectiveness.  This  is  due  to  the  fouling  by  the  less  thermally  conduc¬ 
tive  unburned  hydrocarbons  and  particulate  deposits  along  the  heat 
exchanger  surface.  Numerous  studies  have  been  performed  to  better 
understand  the  effect  of  fouling  on  heat  and  pollutant  emission  out¬ 
put  for  these  types  of  heat  exchangers.  Previous  studies  are  refer¬ 
enced  here  that  highlight  the  ongoing  efforts  [12-21].  The 
thermoelectric  elements  in  the  present  study  will  be  tested  using  a 
heat  exchanger  similar  to  an  EGR  cooler,  it  is  also  necessary  to  ac¬ 
count  for  the  fouling  effects  on  the  element’s  power  output.  Details 


on  the  fouling  process  of  the  heat  exchanger  are  discussed  in  later 
sections.  Hence  this  paper  also  presents  the  performance  of  thermo¬ 
electric  devices  when  used  with  heat  exchangers  fouled  with  diesel 
engine  exhaust. 

2.  Experimental  setup  and  procedure 

2.1.  Understanding  the  system 

A  schematic  of  the  heat  flows  in  a  thermoelectric  heat  recovery 
system  are  shown  in  Fig.  1.  A  portion  of  the  energy  in  the  engine 
exhaust  is  transferred  from  the  gas  stream,  through  the  wall  of  a 
heat  exchanger,  through  the  thermoelectric  device,  and  into  the 
cold-side  heat  exchanger.  A  portion  of  the  heat  flux  through  the 
thermoelectric  device  is  converted  to  usable  electricity.  As  seen 
in  Fig.  1  a  portion  of  the  overall  exhaust  (QExhaust)  is  transferred 
to  the  heat  exchanger  wall  (Qhx)  while  the  remaining  heat  energy 
(Q)  is  transferred  to  other  locations  along  the  wall.  A  portion  of  QhX 
is  lost  in  the  wall  with  some  heat  reaching  the  thermoelectric  ele¬ 
ment  defined  as  QTEiin.  The  thermoelectric  device  is  capable  of  con¬ 
verting  a  portion  of  QjE.in  into  usable  electricity.  The  element 
power  output  (Pmement)  is  proportional  to  the  element  efficiency 
(77TE,i),  surface  temperature  difference  between  Thot  and  TCold  of 
the  thermoelectric  unit,  and  the  figure  of  merit  value  (ZT).  For  this 
study  the  ZT  value  for  the  elements  was  0.73,  provided  by  the  man¬ 
ufacturer  Marlow  Industries  Inc.  The  relationship  that  describes 
the  thermoelement  efficiency,  or  ability  to  convert  heat  to  useable 
electricity,  is  expressed  in  the  following  equation  [19]: 


Hot-side  Heat  Exchanger 


Q  <  O.Exhaust' 


<>Qhx 

- J  iQTE.in - 

1 


^ - 1  QExhaust 


1  ^  PEIement 


Fig.  1.  Heat  flow  diagram  for  the  hot-side  heat  exchanger. 
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Fig.  2.  Schematic  diagram  of  experimental  setup. 


Table  2 

Dimensions  of  cold  and  hot-side  heat  exchangers. 


*7sys  — 


Pjotal 

Q-Exhaust 


(2) 


Cold-side  heat  exchanger 
Length 
Cross-section 
Wall  thickness 


457  mm 

51  mm  x  25  mm 
3  mm 


Hot-side  heat  exchanger  (stainless  steel  and  aluminum) 

Length  406  mm 

Cross-section  51  mm  x  25  mm 

Wall  thickness  3  mm 

Circular  orifice  ports  6.4  mm 


where  PTotai  is  the  total  power  output  of  all  the  thermoelectric  ele¬ 
ments  and  r\ TE.aii  represents  the  thermoelectric  efficiency  of  all  the 
thermoelectric  elements.  The  heat  transfer  and  efficiency  values 
presented  here  are  used  to  characterize  the  system  performance 
and  for  comparison  to  previous  studies  listed  in  Table  1.  A  descrip¬ 
tion  of  the  experimental  setup  and  methodologies  used  to  measure 
the  surface  temperatures  and  power  output  of  the  thermoelectric 
devices  is  given  in  the  following  section. 


7hOT4  —  7cOLD,i 
*/TE,i  = - J — ; - 


(1  +  ZT)° 5  -  1 
(1  +  ZT)0'5  + 

V  '  1  HOT,i 


0) 


Thus  by  measuring  the  hot  and  cold  surface  temperatures  and 
the  power  output  of  each  thermoelectric  element  several  parame¬ 
ters  can  be  determined  such  as:  the  heat  exchanger  efficiency  (l]hx) 
defined  as  Qte, in,  total/ QExhaust,  the  amount  of  heat  transferred  to  the 
element,  and  the  overall  system  efficiency  (f/sys)  shown  in  the 
following: 


2.2.  Thermoelectric  experimental  setup 

The  experimental  system  used  in  this  study  is  shown  schemat¬ 
ically  in  Fig.  2  to  detail  the  position  of  the  hot  and  cold  side  heat 
exchangers,  thermocouple  positions,  and  flow  directions  of  the 
exhaust  gas  and  liquid  coolant.  The  experimental  apparatus  is 
composed  of  three  primary  sections:  (i)  cold-side  heat  exchanger, 
(ii)  hot-side  heat  exchanger,  and  (iii)  thermoelectric  elements. 

The  cold-side  heat  exchanger  is  an  aluminum  duct  with  dimen¬ 
sions  listed  in  Table  2.  For  the  cold-side  coolant  a  splash  blend  of 


Fig.  3.  Digital  images  showing  (a)  hot-side  heat  exchanger  cross  section,  (b)  assembled  uninsulated  experimental  setup  showing  various  components,  and  (c)  image  of 
wrapped  insulated  experimental  setup. 
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Fig.  4.  Heat  exchanger  fouling  setup  showing  (left)  engine,  connections,  and  cooling  setup  and  (right)  water  submerged  EGR  cooler  heat  exchangers. 


water  and  ethylene  glycol  mixture  (50-50  by  vol.)  is  used  to  sim¬ 
ulate  vehicle  engine  coolant.  The  mixture  is  delivered  from  a  tank 
using  a  49.7  W  pump  through  Teflon  tubing.  Temperatures  of  the 
coolant  mixture  are  elevated  in  order  to  simulate  the  higher  tem¬ 
peratures  typically  encountered  in  an  automobile  radiator  with  a 
1  kW  immersion  heater  used  in  conjunction  with  a  standard  tem¬ 
perature  controller.  For  the  hot-side  heat  exchangers,  an  EGR-style 
design  is  used  and  the  heat  exchangers  are  made  from  aluminum 
and  stainless  steel.  Three  rows  of  five  columns  circular  orifice  ports 
arranged  in  a  staggered  configuration  extended  from  50.8  mm  to 
355.6  mm  downstream  of  the  duct  inlet,  a  port  arrangement  simi¬ 
lar  to  some  other  previously  tested  EGR  coolers  [20].  Temperatures 
inside  of  the  heat  exchanger  are  monitored  with  five-insertion 
style  K-type  thermocouples  inserted  through  ports  located  both 
along  the  side  and  near  the  exit  port  of  the  duct.  Heated  air  is  deliv¬ 
ered  to  the  setup  through  a  1  kW  cartridge  connected  to  a  labora¬ 
tory  temperature  controller  located  approximately  550  mm  from 
the  first  flow  thermocouple.  A  constant  hot  air  flow  is  maintained 
with  the  use  of  a  mass  flow  controller  located  approximately 
75  mm  upstream  of  the  experimental  setup.  After  passing  through 
the  apparatus  the  heated  air  is  discharged  to  the  atmosphere.  The 
hot-side  heat  exchanger  is  placed  along  the  top  of  the  cold-side 
duct  with  the  longer  cross  section  horizontal;  dimensions  are  pre¬ 
sented  in  Table  2.  The  lower  duct  is  mounted  on  brackets  attached 
to  the  inlet  and  outlet  fittings  thus  eliminating  the  need  for  the 
hot-side  to  be  in  contact  with  an  external  surface,  reducing  heat 
transfer  to  the  surroundings.  A  counter-flow  heat  exchanger 
arrangement  is  implemented,  with  the  heated  air  flowing  the 
opposite  direction  of  the  liquid  coolant  as  shown  in  Fig.  3. 

Inner  surface  temperatures  of  the  thermoelectric  elements  are 
measured  with  the  use  of  12  self  adhesive  K-type  thermocouples 
placed  on  the  inner  portions  of  both  the  hot  and  cold-side  heat 
exchangers  (six  on  both  the  hot  and  cold-side).  Since  placing  the 
thermocouples  on  the  surface  of  the  thermoelectric  device  can  de¬ 
crease  contact  area  and  reduce  heat  transfer  from  the  hot  and 
cold-side,  each  is  thermocouple  is  placed  directly  on  either  side  of 
each  element  and  the  average  of  the  two  temperatures  for  each  side 
taken  as  TH ot  and  TCold  in  Eq.  (1 ).  Unused  surface  areas  and  gaps  on 
the  heat  exchangers  are  fitted  with  insulation  and  the  entire  appa¬ 
ratus  wrapped  in  laboratory  refractory  insulation.  A  photograph  of 
the  insulation  wrapped  experimental  setup  can  be  seen  in  Fig.  3. 
Five  Bi2Te3  thermoelectric  devices  are  placed  in  between  the  two 
heat  exchangers.  To  reduce  contact  thermal  resistance  of  the  ele¬ 
ment,  the  heat  exchanger  surfaces  are  machined  smooth,  cleaned, 
and  a  layer  of  highly  conductive  thermal  grease  is  applied  to  the  sur¬ 
face  of  each  device.  Each  thermoelectric  is  connected  to  a  5  Q  power 
resistor  and  the  output  power  determined.  The  wrapped  experi¬ 
mental  setup  showing  the  configuration  of  the  heat  exchangers, 
thermocouples,  clamps,  and  thermoelectric  elements  can  be  seen 


in  Fig.  3.  A  data  acquisition  system  is  used  to  record  the  tempera¬ 
tures  from  the  thermocouples  and  voltage  from  the  five  thermoelec¬ 
tric  devices  simultaneously.  The  system  efficiency  is  closely 
monitored  and  used  to  determine  when  the  system  had  reached  a 
steady-state  value,  defined  here  as  a  variation  of  less  than  0.02%. 
Once  steady,  data  are  collected  at  a  sample  rate  of  1  Hz  for  300  s 
and  averaged  over  this  time  period. 

2.3.  Heat  exchanger  fouling  rig 

Fouling  of  the  heat  exchangers  is  accomplished  by  exposing 
them  to  diesel  engine  exhaust  under  thermophoretic  conditions.  A 
bench-mounted  naturally  aspirated  direct-injection  single-cylinder 
diesel  engine  is  used  for  this  study.  It  has  a  displacement  of  517  cc 
and  a  mechanical  pump-line-nozzle  fuel  injection  system.  The  en¬ 
gine  is  coupled  to  an  electric  dynamometer  for  speed  control  and 
to  apply  load  to  the  engine.  This  engine  platform  has  been  used 
for  numerous  previous  experimental  studies  at  ORNL,  see  Ref.  [21] 
for  more  details. 

For  this  study,  the  engine  is  operated  at  a  speed  of  1500  rpm 
and  70%  load.  The  engine  exhaust  is  routed  to  a  pipe  tee  leading 
to  the  aluminum  and  stainless  steel  heat  exchangers.  A  pressure 
of  1.5  psi  is  maintained  in  the  engine  exhaust  manifold  by  manu¬ 
ally  adjusting  a  high-temperature  gate  valve  on  the  engine  exhaust 
bypass.  During  exposure  to  engine  exhaust,  the  heat  exchangers 
are  submerged  in  a  water  bath  with  a  temperature  that  varied  be¬ 
tween  50  and  70  °C,  conditions  that  are  conducive  to  thermophore¬ 
sis.  Once  steady-state  conditions  are  reached,  there  is  an  exhaust 
temperature  reduction  in  both  the  aluminum  and  stainless  steel 
heat  exchangers  of  130  °C,  from  250  °C  to  120  °C.  The  heat 
exchangers  are  continuously  fouled  by  the  engine  exhaust  under 
these  conditions  for  7  h.  The  experimental  apparatus  used  to  foul 
the  heat  exchangers  is  shown  in  Fig.  4. 

The  fouling  process  accumulated  a  total  soot  mass  of  1  g  in  both 
the  aluminum  and  stainless  steel  heat  exchangers.  Assuming  that 
all  of  the  surfaces  in  the  heat  exchangers  have  a  uniform  soot  coat¬ 
ing,  and  the  surface  area  of  the  heat  exchangers  inlet  and  exit  por¬ 
tions  are  accounted  for,  this  amounts  to  50-60  mg  of  soot  in  each 
tube  of  the  EGR-style  heat  exchangers.  This  is  similar  soot  loading 
as  reported  by  Sluder  et  al.  [16]. 

2.4.  Experimental  test  matrix 

Table  3  presents  the  experimental  test  matrix  for  the  work  pre¬ 
sented  in  this  paper.  Four  test  conditions  are  chosen  at  lower 
(240  °C)  and  higher  (280  °C)  exhaust  gas  inlet  temperatures,  se¬ 
lected  to  be  similar  to  exhaust  gas  from  a  diesel  engine  which  ranges 
from  200  to  700  °C,  and  lower  (40  °C)  and  higher  (80  °C)  coolant 
temperatures.  The  test  matrix  is  applied  to  the  clean  aluminum 
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Table  3 

Experimental  test  matrix  showing  the  four  experimental  test  conditions  repeated  for 
four  different  heat  exchangers. 


Condition 

Inlet  air  temperature  (°C) 

Inlet  coolant  temperature  (°C) 

1 

240 

40 

2 

280 

40 

3 

240 

80 

4 

280 

80 

Coolant  T  =  40°C 


Coolant  T  =  80°C 


150  slpm  are  also  performed  with  the  clean  and  fouled  aluminum 
ducts  to  observe  the  increase  in  power  of  the  thermoelectrics  at 
the  elevated  QExhaust-  The  coolant  flowrate  is  kept  constant,  operat¬ 
ing  at  a  full  capacity  of  126  g/s  for  all  conditions.  All  measurements 
are  taken  at  steady  state,  typically  reached  after  approximately 
30  min  of  either  heating  or  cool-down.  Five  measurements  were  ta¬ 
ken  at  each  condition  and  used  to  estimate  the  experimental  uncer¬ 
tainties  which  were  calculated  to  be  1 .5%,  4.3%,  and  4.4%  (taken  as  a 
percentage  of  the  mean)  for  f/sys,  rjTE,  and  PTo tai,  respectively.  Exper¬ 
imental  uncertainties  were  calculated  using  a  Student’s  t- test  at  a 
95%  confidence  level. 


Q_  Q_  Q_  Q_  Q_ 


Q_  Q_  Q_  Q_ 


W  W  W  W  CO  CO  COCO  CO  COCO 


^  ^  ^  ^  ^  ^ 
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_ I  I  I  I  I  I 
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Fig.  5.  Response  of  system  efficiency,  heat  exchanger  effectiveness,  thermoelectric 
power,  and  thermoelectric  element  efficiency  to  changing  flow  and  temperature 
operating  conditions  the  clean  aluminum  heat  exchanger. 

and  stainless  steel  heat  exchangers,  and  the  fouled  aluminum  and 
stainless  steel  heat  exchangers.  Each  heat  exchanger  is  tested  at 
heat  exhaust  gas  flowrates  of 40, 60,  and  80  slpm  previously  verified 
to  produce  Reynolds  numbers  relevant  to  an  automobile  engine 
[19].  Two  additional  heated  exhaust  gas  flowrates  of  110  and 


3.  Results  and  discussion 

Fig.  5  presents  the  general  behavior  of  the  thermoelectric  appa¬ 
ratus  to  changing  experimental  conditions  of  rjTE,  PTo tai,  £,  and  rjsys 
for  the  un-fouled  aluminum  heat  exchanger.  The  trends  observed 
for  this  heat  exchanger  qualitatively  represent  the  trends  observed 
with  the  stainless  steel  heat  exchanger  as  well  as  the  fouled  heat 
exchangers.  First,  it  is  observed  that  PTotai  increases  with  (1 )  higher 
exhaust  temperature  (280  °C),  (2)  lower  coolant  temperature 
(40  °C),  and  (3)  higher  exhaust  flow  rates.  PTotai  is  proportional  to 
the  temperature  gradient  across  the  thermoelectric  devices,  and 
for  the  first  two  cases  above,  the  temperature  gradient  is  being  di¬ 
rectly  increased  by  changing  the  bulk  temperature  on  either  the 
hot-side  or  the  cold-side  of  the  thermoelectric  device.  In  the  third 
case,  a  higher  flow  rate  through  the  heat  exchanger  increases  the 
amount  of  available  heat.  The  increased  heat  transfer  at  higher 
flow  rates  results  in  increasing  thermoelectric  efficiency  and  power 
output  due  to  higher  surface  temperatures. 

The  second  observation  is  that  when  PTotai  is  increased  by  using  a 
higher  inlet  exhaust  temperature  or  a  cooler  coolant  temperature, 
rjsys  also  increases.  However,  when  PTotai  is  increased  by  elevating 
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Fig.  6.  The  effect  of  heat  exchanger  material  on  system  efficiency  and  recovered 
thermoelectric  power  for  (■)  the  unfouled  aluminum  heat  exchanger  and  (■)  the 
unfouled  stainless  steel  heat  exchanger. 
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the  exhaust  gas  flow  rate,  rjSys  decreases.  The  decrease  in  r]sys  can  be 
explained  by  considering  the  schematic  in  Fig.  1.  By  increasing  the 
exhaust  flow  rate,  Qhx  is  decreased  and  the  heat  exiting  the  EGR- 
type  cooler  is  higher.  The  reason  for  this  is  that  when  the  gas  flow 
increases  for  a  given  set  of  temperature  conditions,  heat  exchanger 
effectiveness  (e)  decreases  substantially,  as  shown  in  Fig.  5.  Thus 
when  the  exhaust  flow  rate  is  increased,  the  temperature  gradient 
across  the  thermoelectric  and  PTotai  both  increase,  but  because  s 
and  subsequently  Qhx  decreases  rjsys  also  decreases. 


3.1.  Effect  of  heat  exchanger  material 


Fig.  6  compares  t]sys  and  PTotai  of  the  unfouled  aluminum  and 
stainless  steel  heat  exchangers.  At  all  experimental  conditions,  PTotai 
was  30-40%  lower  for  the  stainless  steel  heat  exchanger  compared 
to  the  aluminum  heat  exchanger,  with  rjsys  being  accordingly  higher 
for  the  aluminum  heat  exchanger.  The  reason  for  this  difference  is 
that  the  thermal  conductivities  of  stainless  steel  and  aluminum 
are  approximately  15W/mK  and  237W/mK,  respectively  [22], 
thus  the  thermal  resistance  is  substantially  higher  in  the  stainless 
steel  heat  exchanger.  This  also  illustrates  that  the  heat  exchangers 
used  for  this  study  were  non-ideal  because  of  the  excessive  material 
thickness  in  the  heat  exchanger  itself,  approximately  4  mm.  Ideally, 
the  heat  exchanger  material  would  sufficiently  thin  so  that  the 
effect  of  the  material  on  overall  performance  is  small  or  negligible. 
Thus  because  the  stainless  steel  heat  exchanger  has  a  lower  thermal 
conductivity  and  because  of  the  thickness  of  the  heat  exchanger 
material,  the  heat  flux  to  the  thermoelectric  generator  is  substan¬ 
tially  lower  for  the  stainless  steel  heat  exchanger. 

3.2.  Effect  of  heat  exchanger  fouling 


The  effect  of  heat  exchanger  fouling  on  r]sys  and  PTotai  is  shown  in 
Fig.  7  for  the  aluminum  heat  exchanger  and  in  Fig.  8  for  stainless 
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Fig.  7.  The  effect  of  heat  exchanger  fouling  on  system  efficiency  and  thermoelectric 
power  for  (■)  the  unfouled  aluminum  heat  exchanger  and  (■)  the  fouled  aluminum 
heat  exchanger. 


Coolant  T  =  40°C 


:  240° C  Tin  =  280°C 


0.7 
0.6 
^  0.5 
~E  0.4 


0.3  - 

0.2  t 
0.1 


I 

-  ■fL 


Coolant  T  =  80°C 


: 240°C 


Tin  =  280°C 

_ 2.5 


-Ft 15 


^  ^  ^ 
CL  CL  CL 


^  ^  ^  ^  ^  ^  ^  ^  ^ 

CL  CL  CL  CL  CL  CL  CL  CL  CL 

_ I  I  I  I  I  I  I  I  I  — i  — i  — i  — i  — i  — i 

m  m  m  m  m  m  m  m  m  m  m  m  m  m  m 

ooooo  oooo  ooo  ooo 

^  lO  OO  H  in  ■sT  ID  OO  H  ^  U  00  ^  ID  CO 


3 

o 

<D 

CD 

o 


-□ 

i 

0.5  2 


Fig.  8.  The  effect  of  heat  exchanger  fouling  on  system  efficiency  and  thermoelectric 
power  for  (■)  the  unfouled  stainless  steel  heat  exchanger  and  (■)  the  fouled 
stainless  steel  heat  exchanger. 
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Fig.  9.  Heat  captured  by  the  thermoelectric  where  ■  =  Fouled  stainless  steel, 
□  =  Clean  stainless  steel,  ^  =  Fouled  aluminum,  and  A  =  Clean  aluminum  EGR  heat 
exchangers  for  condition  2  at  40,  60,  and  80  slpm. 


steel.  Both  the  aluminum  and  stainless  steel  heat  exchangers  exhi¬ 
bit  a  similar  response,  namely  that  both  f]sys  and  PTotai  decreased  for 
the  fouled  heat  exchangers.  The  decrease  in  PTotal  was  generally  5- 
10%  compared  to  the  unfouled  heat  exchanger  for  both  aluminum 
and  the  stainless  steel.  The  overall  effect  of  the  heat  exchanger 
material  relative  to  the  effect  of  heat  exchanger  fouling  can  be  seen 
for  QTEiin  in  Fig.  9.  Heat  exchanger  fouling  does  decrease  the  heat 
flux  to  the  thermoelectric  devices,  but  heat  exchanger  material 
has  a  larger  impact. 

While  rjsys  and  PTotai  are  both  consistently  lower  at  all  experi¬ 
mental  conditions  for  the  fouled  heat  exchangers,  the  magnitude 
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of  the  difference  is  smaller  than  was  initially  expected  based  on 
previous  EGR  cooler  fouling  experiments  by  Sluder  et  al.  [16].  Con¬ 
sidering  both  the  thermal  conductivity  and  the  thickness  of  the 
deposits  a  better  understanding  of  the  discrepancy  can  be  achieved. 
Hoard  et  al.  [20]  provides  a  comprehensive  literature  review  of 
thermal  conductivities  of  deposits  on  various  parts  of  the  engine 
including  intake  systems,  combustion  chambers,  and  particulate 
filters.  All  deposits  had  very  low  thermal  conductivities,  with  values 
ranging  from  0.15  to  0.68  W/m  K.  Sluder  et  al.  [16]  found  that  even 
a  small  layer  of  deposit  could  substantially  reduce  the  heat  exchan¬ 
ger  effectiveness  when  the  heat  exchanger  wall  was  thin,  0.71  mm. 
In  this  study  we  estimate  deposit  thickness  on  the  walls  of  the  heat 
exchangers  to  be  0.1  mm  compared  to  4  mm  for  the  heat  exchanger 
wall  thickness.  The  thickness  of  the  deposit  layer  is  calculated  based 
on  the  tube  dimensions,  mass  of  deposited  particulate  matter,  and 
assumed  as  having  a  soot  density  of  50  kg/m3,  a  value  taken  from 
Hoard  et  al.  [20].  Thus,  even  though  the  deposit  layer  does  affect 
the  heat  exchange  process,  the  heat  exchanger  material  thickness 
dominates  the  overall  heat  exchange  behavior  of  this  system.  The 
impact  of  heat  exchanger  fouling  is  expected  to  have  a  larger  impact 
on  f]sys  and  PTotai  in  a  heat  exchanger  system  that  is  more  optimally 
designed  with  thinner  heat  exchanger  walls. 

4.  Conclusion 

Clean  and  fouled  aluminum  and  stainless  steel  EGR-style  heat 
exchangers  have  been  tested  on  a  bench-scale  thermoelectric  appa¬ 
ratus  to  simulate  automotive  exhaust  heat  recovery.  The  thermo¬ 
electric  devices  were  tested  with  different  hot-side  stainless  steel 
and  aluminum  EGR-type  heat  exchangers  for  various  heated  ex¬ 
haust  gas  flowrates  ranging  from  40  to  150  slpm,  exhaust  gas  tem¬ 
peratures  of  240  °C  and  280  °C,  and  coolant  side  temperatures  of 
40  °C  and  80  °C  simulating  possible  temperature  ranges  down¬ 
stream  of  the  engine  manifold  and  engine  coolant.  From  analysis 
of  the  results  it  was  observed  that  the  recovered  electrical  power 
of  the  thermoelectric  devices  can  be  increased  by  elevating  the  tem¬ 
perature  of  the  exhaust  gas,  decreasing  the  temperature  of  the  cool¬ 
ant,  or  by  increasing  the  flow  rate  of  the  heated  gas.  System 
efficiency  increases  with  an  increase  in  electrical  power  when  the 
bulk  temperature  gradient  increases.  System  efficiency  decreases 
with  an  increase  in  electrical  power  when  the  exhaust  gas  flow  rate 
is  increased.  A  large  effect  of  heat  exchanger  material  was  also  doc¬ 
umented  in  this  study.  This  is  thought  to  be  a  combined  effect  of  the 
higher  thermal  conductivity  of  aluminum  compared  to  stainless 
steel,  and  the  excessive  wall  thickness  of  the  heat  exchangers  used 
in  this  study.  A  more  optimally  designed  heat  exchanger  would 
likely  be  less  sensitive  to  heat  exchanger  material.  Heat  exchangers 
fouled  with  diesel  exhaust  experience  a  degradation  in  performance 
of  5-10%  compared  to  an  unfouled  heat  exchanger  of  the  same 
material. 
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